Abstract. Although it is well accepted that intercellular adhesion involving the CDlla/CD18 (LFA-1) complex is critical in a wide array of T cell-dependent processes, recent demonstrations of an LFA1 high avidity state, induced by triggering the T cell receptor (TCR) complex, has raised questions about the intracellular signals generated and molecular events leading to effective cell coupling, as well as their orderly sequence. In this study, we assessed the effects of T cell activation on the actin-based cytoskeleton, and LFA-1, as well as their interaction . Crosslinking the TCR complex with anti-CD3 mAb resulted in actin polymerization and colocalization with LFA-1, as detected by fluorescence microscopy. This association was confirmed by immunoprecipitating LFA-1 from the deter-NTERCELLULAR adhesion between cytotoxic T lymphocytes and their targets or helper T lymphocytes and antigen presenting cells involves the coordinate engage ment of a variety of membrane receptors by their respective cell bound ligands . Phenomenologic analysis of lymphocytetarget cell adhesion indicates that when the antigen receptor complex is productively engaged, T cells undergo rapid morphologic changes resulting in increased contact area with adhesion strengthening to the antigen bearing cell . This is followed by reorientation of the lymphocyte microtubule organizing center (MTOC)1 and Golgi complex towards the contact site (for review see reference 23) . Although cell membrane and intracellular organelle redistribution have been demonstrated in virtually all T cell-dependent adhesions involving the engagement of the antigen receptor (39), their molecular and biochemical bases have only partially been elucidated .
NTERCELLULAR adhesion between cytotoxic T lymphocytes and their targets or helper T lymphocytes and antigen presenting cells involves the coordinate engage ment of a variety of membrane receptors by their respective cell bound ligands . Phenomenologic analysis of lymphocytetarget cell adhesion indicates that when the antigen receptor complex is productively engaged, T cells undergo rapid morphologic changes resulting in increased contact area with adhesion strengthening to the antigen bearing cell . This is followed by reorientation of the lymphocyte microtubule organizing center (MTOC)1 and Golgi complex towards the contact site (for review see reference 23) . Although cell membrane and intracellular organelle redistribution have been demonstrated in virtually all T cell-dependent adhesions involving the engagement of the antigen receptor (39) , their molecular and biochemical bases have only partially been elucidated .
Evidence has been obtained demonstrating that a nonspe-gent insoluble, cytoskeletal-associated membrane fraction after TCR crosslinking . These consequences were inhibited by the protein kinase C (PKC) inhibitor staurosporine or by PKC desensitization, as was a transient CDlla hyperphosphorylation, induced by monoclonal anti-CD3. Furthermore, a small percentage of ß2-deficient T cells maintained the ability to rearrange the cytoskeleton in response to TCR complex activation, with F-actin VLA4 colocalization . These results provide evidence that the important consequences of TCR-induced signal transduction include a PKC-dependent cytoskeletal rearrangement, involving an association between leukocyte integrins and F-actin . We discuss the implications of these findings with respect to effective T cell functions .
cific adhesion step, mediated by structures such as CD2 or CDlla/CD18 (LFA-1), precedes the T cell receptor/antigen interaction, thereby lowering the AG required for such interaction to efficiently trigger T cell activation (30, 40) . Recent reports, however, provide new insight for the interpretation of these phenomena, showing that triggering of the T cell receptor (13, 45) , CD2 (45) , MHC class II (32) , and CD44 (22) molecular complexes transiently induces a still incompletely defined "activated" or "high avidity state in lymphocyte adhesion receptors, such as LFA1, which results in increased affinity for their ligands . According to these findings, the engagement of the antigen receptor on T lymphocytes would be a prerequisite for the subsequent stabilization of intercellular contact mediated by adhesion molecules . We have been interested in mechanisms of lymphocyte activation following intercellular adhesion, and have previously reported that alloantigen specific adhesion occurs in the LFA-1/ICAM-1-dependent interaction of lymphocytes with vascular endothelium (4, 5) . In addition, we found that LFA1 is itself capable of signal transduction and second messenger generation upon antibody-mediated crosslinking in T and NK lymphocytes (35) . In the present work we attempt to further investigate the molecular basis and intracellular events responsible for the "inside-out" signaling between the antigen receptor and cell adhesion molecules. The results demonstrate that crosslinking of the antigen receptor complex triggers a protein kinase C (PKC)-dependent cyto-skeletal rearrangement in T cells, with rapid co-localization, co-clustering, and physical association of the F-actin-based cytoskeleton with leukocyte integrins, but not other membrane molecules, at the cell surface. We postulate that these events may be involved in the T cell receptor-induced signal transduction process ultimately leading toadhesion strengthening and polarization of the lymphocyte protein secretory apparatus toward the antigen-bearing cell .
Materials and Methods

CellIsolation
Leukocyte enriched residuals from healthy adult blood donors were obtained from the Red Cross Blood Center (West Haven, CT) and the University of Milan Blood Center (Milan, Italy) . Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll-Hypaque gradient centrifugation and were monocyte-and B cell-depleted by plastic adherence and serial passages over nylon wool columns. Monocyte-depleted PBMC were further depleted of CD16+ NK cells by negative selection using a panning technique (47) . Cells obtained by this method were >98 % CD3+CD16-as detected by direct immunofluorescence cytophluorographic analysis using a FACscan (a registered trademark of Becton Dickinson & Co., Mountain View, CA) flow cytometer. T cells were obtained from heparinized venous blood drawn from a 2-y-old patient affected by Leukocyte Adhesion Deficiency (LAD) syndrome using the same procedure.
Antibodies and Reagents
Anti-CD3 murine mAbs OKT3 (IgG2a), IVD3 (IgGI), and 289 (IgGI) were affinity purified from ascites generated in our laboratory. Murine mAbs S3 .5 (and-CD4 ; IgG,), W6/32 (anti-MHC class I framework; IgG2b), IA .1 (anti-CD8 ; IgG1) were gifts from E . G . Engleman (Stanford University, Stanford, CA) ; anti VLA 4cx chain antibody HP2/1 (IgG,) was purchased from Immunotech (Marseille, France), TS2 .9 (anti-CD58 ; IgG,), TSl .l8 (anti-CD18 ; IgGI ), and TS1 .22 (and-CD11a; IgGI) were kindly provided by A . Krensky (Stanford University) ; 2F12 and CLB LFA/1/2, both anti-CDI la monoclonal IgG I s were generous gifts from R. E . Schmidt and R. Van Lier, respectively ; mouse monoclonal anti-vinculin (IgGl) and rabbit polyclonal anti-a-actinin were purchased from Sigma Chemical Co . (St. Louis, MO) ; (CD2 .1 and 9.6) (anti-CD2 ; both IgG,) were gifts from D. Olive; 3A1 (anti-CD7; IgGI) was a gift from L . Moretta (University of Genoa, Genoa, Italy) . Staurosporine was purchased from Boehringer-Mannheim Biochemicals (Indianapolis, IN) ; AMG, Cytochalasin-B, fluoresceine-and rhodamine-conjugated phalloidin, poly-r,-lysine and phorbol myristate acetate (PMA) were purchased from Sigma Chemical Co .
Cytoskeletal Rearrangement Assay
Glass slides pre-cleaned by serial rinses in acetone and ethanol were precoated with PBS 1% FBS for 60 min at room temperature (T°) and subsequently treated with 10 Wg/ml of the indicated antibodies or 100 kg/ml polyr.-lysine in PBS for 30 min at room T°. Slides were rinsed with PBS 1% FBS and soaked in the same buffer at 4°C for storage . Cells (1 x 106/ml) were resuspended in PBS 5% FBS and layered over the coated slides followed by incubation at 37°C for 15-25 min . Non-adherent cells were removed by gentle washing with PBS and adherent cells were fixed with 3 % paraformaldehyde, 2% sucrose in PBS for 30 min at room T°. Cells were then permeabilized with permeabilization buffer (20 mM Hepes, pH 7.4, 300 mM sucrose, 50 mM NaCl, 3 MM MgC12, 0.1% Triton X-100) for 1 min at 0°C, rinsed with PBS, and treated with 2 Fcg/nrl fluorochromeconjugated phalloidin for 20 min at room T°. For colocalization studies, FITC-conjugated antibodies specific for various surface antigens were added to the adherent cells after fixation to avoid antibody-induced capping of membrane molecules and incubated for 20 min at 4°C, after which the slides were processed for TRITC-PHD treatment as described above . Slides were mounted in glycerol-based mounting medium and examined with a Dialux microscope (E . Leitz, Rockleigh, NJ) equipped for epifluorescence analysis .
j1RLabeling
Cells were washed three times in phosphate-free, serum-free incubation
The Journal of Cell Biology, Volume 116, 1992 medium (125 mM NaCl, 5 mM KCI, 1 mM MgSO4, 6 mM Glucose, 2 mM CaC12, 25 mM Hepes, pH 7.4, 0.005% soybean trypsin inhibitor, 5 % dialyzed FBS), and resuspended (107/nil) in the same medium containing 5 % dialyzed FBS and 2 .5 ug/mI soybean trypsin inhibitor (Sigma Chemical Co .) . 32p (10-20 pCi/ml as carrier-free orthophosphate; New England Nuclear, Boston, MA) was added and cells were incubated for 180 min at 37°C to allow complete equilibration of the intracellular ATP pool . At the end of the incubation period cells were pelleted and resuspended in phosphate-free medium with 10 pg/nd of the indicated antibodies followed by incubation at 4°C for 15 min . After washing, cells were resuspended in warm, 32 P-containing medium with 20 jig/nil polyclonal goat anti-mouse Ig antiserum and incubated at 37°C for various time intervals . In PKC inhibition experiments, staurosporine (20 nM) or AMG (100 nM) was added before the primary antibody treatment and kept in the cell suspension throughout the assay. In PMA treatment experiments, PMA (50 nM) was added to the cell suspension after the labeling procedure . At the end of each treatment, cells were washed three times in stop buffer (25 mM Hepes, pH 7 .9, 100 mM NaCl, 10 mM sodium pyrophosphate, 2 mM EGTA, 2 mM EDTA) and lysed in the same buffer containing 1% NP-40 and a protease inhibitor mix (see below) . Lysates were processed for immunoprecipitation as described below. Labeling, Immunoprecipitation, SDS-PAGE, and Immunoblotting Cells were surface labeled by lactoperoxidase-catalyzed iodination as described (35) . Lysis was carried out in buffer containing 1% NP-40 as described except for experiments investigating membrane protein-cytoskeleton associations . In these experiments, cells were lysed in stabilizing buffer (300 mM sucrose, 50 mM NaCl, 5 MM MgC12, 20 mM Hepes, pH 7.4, 1% CHAPS, and a protease inhibitor mix containing 1 ug/ml of leupeptin, chymostatin pepstatin, 1 mM benzamidine, 1 mM iodoacetamide, 10 KIU/ ml aprotinin, and 5 mM PMSF) and the detergent soluble fraction was collected after 15-min incubation at 4°C and centrifugation at 10,000 g for 2 min . The insoluble pellet was resuspended in solubilization buffer (340 mM sucrose, 0 .5 mM ATP, 0.5 mM DTT, 1 mM EDTA, 0.5% NP-40, and protease inhibitor mix) and incubated for 18 h at 4°C. Immunoprecipitation was carried out using a combination of anti-CDI la and anti-CDl8 antibodies and samples were subjected to SDS-PAGE analysis as described (35) . For co-precipitation assays, cells were lysed in buffer containing 150 mM NaCl, 1 mM CaC12, 1 MM MgCl2, 10 mM Tris HCI, pH 7.4, 0.02% NaN3, 0 .1% BSA, 1% CHAPS, and the above-described protease inhibitor mixture . For Western blot analysis, samples were electrophoresed, transferred onto nitrocellulose paper, and immunoblotted using HRRconjugated swine anti-rabbit or goat anti-mouse antisera .
Results
Antigen Receptor Crosslinking Induces Cytoskeletal Rearrangement in T Lymphocytes: Involvement ofPKC Crosslinking ofthe antigen receptor complex on freshly isolated T lymphocytes by various solid-phase bound anti-CD3 mAbs induces dramatic morphologic changes on the adherent lymphocytes . Immediately after contacting the anti-CD3-coated support, the vast majority (>90%) of T cells undergo a spreading process, with increased area of contact to the solid surface and frequent pseudopode formation ( Fig.  1 b) . This process is selectively induced by anti-CD3 and by stimulating pairs of anti-CD2 antibodies, as T lymphocytes do not adhere to the uncoated solid support (not shown) and maintain their round-shaped, refractile appearance when immuno-adhered to supports coated with non-activating, isotype-matched antibodies, such as anti-CD4 ( Fig. 1 a) , anti-CD8, or anti-CD58 (Table I) . Staining of cytoplasmic F-actin with fluorochrome-labeled phalloidin in anti-CD3 stimulated cells reveals rearrangement of the actin-based cytoskeleton, in form of polarized, peripheral patches or central clustering with radiating filaments connected to the cell membrane ( Fig. 1 d) . The reasons for the occurrence of multiple, discrete patterns of rearrangement are unclear, but may lie in the uneven spatial distribution of the ligand (anti-CD3 mAb) on the solid support . A diffuse, homogeneous staining is visible in lymphocytes bound to nonstimulating antibody coated dishes ( Fig. 1 c) . Anti-CD3-induced cytoskeletal rearrangement appears to be temperature dependent, although it occurs, at a much slower rate, at T°below 37°C (not shown) . As expected, cytochalasin-B pretreatment completely abrogates the process, confirming the involvement of a transition between monomeric and polymerized actin in the observed rearrangement (Table I) .
To explore the intracellular events and mediators responsible for this phenomenon, T cells were pre-treated with activating agents capable of bypassing the requirements for membrane receptor engagement and second messenger generation. Of the reagents tested, PMA, but not the Cal+ ionophore ionomycin, appeared to reproduce the anti-CD3-induced rearrangement, suggesting a role for PKC activation in coupling the membrane triggering event to actin polymerization and cytoskeletal rearrangement (Table I) . To confirm this, cells were pre-treated with PKC inhibitors staurosporine or AMG before CD2 or CD3 crosslinking and analysis of cytoskeletal rearrangement . Staurosporine inhibits the catalytic domain of PKC at a site different from the phorbol ester binding site (33, 43) . AMG selectively inhibits PKC at wide concentration range (22) . Table I shows that the inhibitor pre-treatment can indeed abrogate the effects of antigen receptor or CD2 triggering on T cell cytoskeletal rearrangement. Similar inhibition was observed after desensitization of PKC by prolonged incubation with micromolar concentrations of PMA (Table I) Freshly isolated T cells were bound to antibody-coated or (for treatments with PMA and the Caz+ ionophore ionomycin) poly-L-lysine-coated solid supports after treatment at 37°C with the indicated reagents . (+) Score was assigned when >90% of the cells displayed actin polymerization as shown in Fig . 1 b; (-) Score indicates that >90% of the cells displayed diffuse, homogeneous staining with fluorochrome-conjugated PHD as shown in Fig. 1 tions, and have been proposed to serve as connecting elements between the plasma membrane and the cytoskeleton in matrix-adherent cells such as fibroblasts (7, 10, 18) . To investigate whether antigen receptor-triggered lymphocytes display a similar association, anti-CD3-stimulated, solidphase bound T cells were stained with TRITC-labeled phalloidin to detect filamentous actin and counterstained with FITC-conjugated anti-LEA-1 antibodies to detect redistribution of the heterodimer at the cell surface. Fig . 2 (a-d) shows that in anti-CD3-stimulated cells LFA-1 is detected as a central or peripheral cluster, superimposed on and frequently surrounded by F-actin patches . This process is not related to nonspecific capping or patching of the molecule, as lymphocytes immuno-adhered to nonstimulating antibody-coated supports maintain an essentially diffuse distribution of the molecule at the cell surface (Fig. 2, g and h) . Moreover, the co-localization of CDlla/CD18 with F-actin in antigen receptor-stimulated cells appears to be selective, as demon-
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To ascertain whether the observed co-clustering of LFA-1 and cytoskeletal elements was due to independent, spatial co-localization or to direct physical association of the two structures, the heterodimer was immunoprecipitated from the detergent-soluble membrane fraction or the detergentinsoluble, cytoskeletal matrix-associated membrane fraction of antigen receptor-stimulated, surface iodinated T cells (17, 28) . Fig . 3 shows that the CDlla/CD18 molecular complex can be entirely recovered from the detergent soluble membrane fraction in unstimulated T lymphocytes, suggesting the lack of association to cytoskeletal elements under these conditions. In PMAstimulated lymphocytes and, even more dramatically, in anti-CD3-triggered cells, however, a significant proportion of LFA-1 molecules could be detected 1 and 4) , 50 nM PMA (lanes 2 and S) or anti-CD3 plus goat anti-mouse IgG antibodies (lanes 3 and 6) as described in the Materials and Methods section, followed by lactoperoxidase-catalyzed surface iodination and lysis in cytoskeleton-stabilizing buffer. CD1la/CD18 was immunoprecipitated from the detergent soluble (membrane-associated) fraction (lanes 1-3) or the detergent insoluble (cytoskeletal-associated) fraction (lanes 3-6) after overnight incubation in ATP-containing solubilization buffer.
in the detergent-insoluble membrane fraction after overnight incubation in ATP-containing solubilization buffer. Densitometric analysis of the precipitated molecules after SDS-PAGE and autoradiography suggests that the stoichiometry of the two subunits of the CDIIa/CD18 complex in the cytoskeleton associated heterodimer is unchanged compared to the membrane-bound form (not shown) . Although the relative amounts of membrane-bound versus cytoskeletonassociated LFA-1 molecules in PMA and anti-CD3-stimulated cells would indicate that only a minor proportion of the molecular complex undergoes cytoskeletal association, this interpretation could be misleading because of the intrinsically poor efficiency of the solubilization procedure in preserving low affinity associations between cytoskeletal and membrane proteins . In fact, cytoskeleton-associated proteins could only be detected in our system using lysis buffer containing low salt concentration and the mild zwitterionic detergent CHAPS, instead of conventional nonionic detergents (such as NP-40), suggesting a weak, noncovalent association of membrane LFA-I with subcortical and/or cytoplasmic cytoskeletal elements (not shown) .
To further confirm this induced association, co-precipitation assays were performed using antibodies specific for a-actinin and vinculin . These are subcortical proteins which, among others (such as talin and fimbrim) have been shown to be directly or indirectly involved in connecting the actin-based cytoskeleton to the plasma membrane in several cell types (10) . Fig. 4 shows that both a-actinin (A, lanes 1-3)  and vinculin (B, lanes 1-3) , co-precipitate molecules comigrating with the LFA-I heavy and light chains in CD3-stimulated T cells . The identity of the co-precipitated bands with LFA-I is confirmed by their dramatic and selective reduction in samples pre-cleared with anti-LFA-1 antibodies before immunoprecipitation with anti-a-actinin or anti-vinculin reagents (Fig. 4, A and B, lane 2) . Of the several anti-LFA-1 antibodies tested, all of which efficiently recognize the heterodimer in resting lymphocytes, some (including 21712, LFA-1/2, and TS1.18), but not others (i .e., TS1 .22) were effective in pre-clearing the cytoskeletal-associated bands, suggesting Pardi 2, and 4) or anti-CD4 (lane 3) plus goat antimouse IgG antisera, followed by lactoperoxidase-catalyzed iodination and lysis in buffer containing 1 % CHAPS and divalent cations. Immunoprecipitation was carried out with anti-a-actinin (A, lanes 1-3), anti-vinculin (B, lanes 1-3) or a combination of anti-LFA-1 antibodies (21712 and TS1 .18, lane 4), In lanes 1 and 2, the lysate was precleared twice with a negative control antibody or the anti-LFA1 combination, respectively, before immunoprecipitation with the anti-cytoskeletal protein antibodies. Samples were subjected to SDS-PAGE followed by autoradiography. (C) anti-CD3 treated cells were lysed as described above and immunoprecipitation was carried out with anti-vinculin (lane 1), anti-a-actinin (lane 2), the anti-LFA-1 antibodies TS1.22 (lane 3), and 21712 plus TS1 .18 (lane 4) or a negative control antibody (lane S) . Samples were reduced, applied to SDS-PAGE, transferred to nitrocellulose and analyzed by immunoblotting with anti-a-actinin polyclonal antiserum .
that the fraction of LFA-I which becomes physically associated to cytoskeletal proteins in CD3-stimulated cells is conformationally altered (not shown) . Reciprocal evidence of the association of LFA1 with a-actinin was provided by Western blots showing the presence of the 95-kD a-actinin molecule in LFA-1 immunoprecipitates upon CD3 stimulation (Fig. 4 C) . Note that no a-actinin could be detected in the anti-vinculin precipitates (Fig. 4 C, lane 1) under the conditions used for the co-precipitation assay. A similar experiment could not be performed to confirm the presence of vinculin in LFA1 immunoprecipitates, as the available antivinculin mAb does not recognize the denatured protein in immunoblots (not shown) . The association of LFA1 with a-actinin and vinculin is clearly inducible by the anti-CD3 treatment, although faint bands co-migrating with the leukocyte integrin are visible in unstimulated cells (Fig . 4, A and  B, lane 3) . This may be a consequence of a pre-existing partial association of the two proteins in resting conditions, or reflect the activation of a fraction of T cells during the separation procedure .
Integrin-Cytoskeleton Association in Leukocyte Adhesion Deficiency TLymphocytes
To assess whether surface expression of LFA-1 is required for
The Journal of Cell Biology, Volume 116, 1992 Figure 5 . VLA-4-F-actin colocalization in antigen receptor complex-stimulated T cells from a LAD patient. Cells were processed as described in Fig .  1(b and d) , after which they were fixed and stained for surface VLA4a with FITC-conjugated VLA4a antibody (a) and counterstained for cytoplasmic F-actin with TRITC-conjugated phalloidin (b) after permeabilization. Bar, 10 Am.
anchoring cytoskeletal elements to the cell membrane upon CD3 stimulation, T cells from a LAD patient were used in the solid phase-bound anti-CD3 triggering assay. T lymphocytes from this patient expressed less than 5 % membrane LFA-1 molecules compared to normal control cells, but had normal density of CD3 and other coreceptor structures, such as CD4 and CD8 (not shown) . Upon binding to anti-CD3-coated dishes, a small (15-20%) but significant proportion of LAD T cells underwent cytoskeletal rearrangement with a pattern undistinguishable from that of normal T cells. When counterstained with anti-LFA-1 antibodies, the rearranged cells did not display any detectable surface LFA1 molecules (not shown) . To test the hypothesis that other leukocyte integrins, normally expressed on LAD T cells (37, 41) , could replace LFA 1 in connecting cytoskeletal proteins tothe cell membrane, LAD lymphocytes were counterstained with antibodies to the VLA-4 alpha chain after cross-linking of the antigen receptor complex . Fig. 5 demonstrates that membrane VLA-4 selectively co-localized with F-actin with 
Antigen Receptor Stimulation Induces a Transient, PKC-dependent LFA1 Alpha Subunit Hyperphosphorylation in T Cells
The CD3-induced cytoskeletal rearrangement described above appears to be dependent on PKC activation, as it is induced by phorbol ester treatment and virtually abrogated by PKC desensitization or inhibition ( Table 1) . As both subunits of the LFA-1 heterodimer have been shown to be a substrate for PKC in phorbol ester-stimulated lymphocytes and neutrophils (11, 12, 31) , we sought to determine if this enzyme is involved in the heterologous phosphorylation of LFA-1 molecules in antigen receptor-stimulated T cells . Fig . 6 demonstrates that CD3-stimulated T cells indeed display a marked hyperphosphorylation of the CDlla subunit which, as previously reported, appears to be constitutively phosphorylated in unstimulated lymphocytes . Interestingly, no phosphorylation of the CD18 subunit could be detected in anti-CD3-stimulated T cells, although a weakly phosphorylated ß subunit was detectable after a short pulse of lymphocytes with nanomolar concentrations of PMA . A role for PKC in the observed CDlla hyperphosphorylation was suggested by its virtual abrogation in staurosporine treated cells, which nevertheless displayed basal phosphorylation levels similar to untreated control cells. as described in Materials and Methods after which they were washed and incubated for the indicated times followed by immunoprecipitation with PAS-conjugated TS1.22 mAb, SDS-PAGE, and densitometric analysis of autoradiograms .
(not shown) . This observation would suggest that a kinase different from PKC is responsible for the constitutive phosphorylation of the LFA-1 alpha subunit observed in unstimulated lymphocytes . Analysis of the kinetics of the phosphorylation process (Fig. 7) demonstrated that the hyperphosphorylation of the CDlla subunit induced by antigen receptor triggering is transient, reaching a maximum between 15 and 30 min after the initial stimulus and returning to basal levels within -45 min.
This work was undertaken to investigate some of the intracellular events occurring in T lymphocytes when they adhere to autologous or allogeneic cells bearing specific membrane antigen-MHC complexes capable of triggering the T cell antigen receptor. These events include increased contact area, adhesion strengthening, as measured by biophysical means (19) , and polarization of the MTOC and cell secretory apparatus toward the bound cell, all of which are required to spatially and vectorially focus the release of functionally relevant mediators (i .e ., lymphokines or cytolytic proteins) from the effector lymphocyte to the target cell (36) . These processes are apparently dependent on intracellular signaling driven by the antigen receptor, as they do not occur in cell conjugates lacking antigen specificity (23), but their biochemical and molecular bases are as yet largely undefined . Recent findings have provided a linkbetween the engagement of the antigen receptor and the adhesion strengthening process in T cells, showing that direct cross-linking of CD3 (13) or CD2 (45) structures by activating antibodies induces a transient increase in the avidity of LFA 1 for its ligand, ICAM-1, in purified (13) or cell-bound form (45) 
In this study, we show here that direct stimulation of T cells through the antigen receptor complex triggers two independent, but functionally related processes, namely the rearrangement of the actin cytoskeleton, with transition from monomeric (phalloidin nonreactive) to polymerized (phalloidin reactive) actin, and physical association of cytoskeletal elements to membrane leukocyte integrins . Two such elements were directly identified by coprecipitation assays as a-actinin and vinculin (Fig. 4) , although it is likely that other proteins (such as talin) may be part ofthe intermolecular network connecting membrane LFA-1 to the cytoskeleton in antigen-receptor complex stimulated T cells. The apparent absence of a-actinin in the anti-vinculin precipitates, as detected by Western blot analysis (Fig. 4 C, lane 1) , raises the possibility that independent LFA-1/a-actinin and LFA-1/vinculin complexes may form upon CD3 stimulation in T cells. This would be at variance with the commonly accepted view that a-actinin and vinculin are part of the same intermolecular chain connecting the plasma membrane to F-actin (10, 15) and with the observation that the two proteins are actually associated with each other with low affinity in fibroblasts (46) . An alternative possibility is that the extraction procedure used by us disrupts the weak interactions taking place amongst sub-cortical proteins, although being relatively efficient in preserving their association with LFA-1 . Finally, lymphocyte-specific isoforms of either subcortical protein, lacking the appropriate binding site for the other protein, may account for their independent behavior in lymphocytes . This interpretation is supported by the existence of a talin-binding site in cytoskeletal proteins such as vinculin, which may or may not be present in the mature protein depending on the cell type, probably as a consequence of alternative splicing ofthe relevant mRNA (10). Kupfer and coworkers (26) have reported the clustering of talin, but not a-actinin or vinculin, into the specific cell/cell contact region in cytotoxic lymphocyte :target cell couples . Our contrasting data may reflect actual differences in the triggering process . Alternatively, the different fixation-permeabilization procedures used in the two studies may have contributed to the apparently distinct subcortical elements defined in these associations. Likewise, Kupfer and Singer (24) have shown the co-clustering of LFA-1 and talin in the region of the plasma membrane of helper T cells juxtaposed, to antigen-bearing APCs. Our data confirm the general significance of these observations and provide more direct evidence that LFA-1 is not simply co-localized, but it is physically associated to cytoskeletal elements under these conditions . In addition, we show that a similar process can be induced in T cells (as well as NK cells, unpublished data) by stimulating antibodies directed toward the CD2 molecule, which has long been considered a T cell activation structure involved in intercellular adhesion (1) and which has recently been shown to be physically associated with the antigen receptor complex in mature T cells (6) .
The common biochemical pathway underlying these events appears to be the activation of PKC, as they can be abrogated by selective inhibition or desensitization of the enzyme. Although antigen receptor triggering, by promoting phosphoinositide hydrolysis, also effects a transient intracellular (Cal+) increase (for review see reference 1), the ability of PMA alone to induce cytoskeletal rearrangement and LFA-1/F-actin co-clustering, in addition to the inability of the Cal+ ionophore ionomycin to induce the same phenomenon, suggest that extracellular Cat+ influx and/or Cal+ redistribution from internal stores are not strictly required for these processes to occur. In fact, extracellular Cal+ has been reported to induce a polarized signal for reorientation of the cell MTOC and Golgi apparatus in CTL/target cell couples (23) , but the co-localization of LFA-1 and talin in such couples seems to be Cal+ independent (25) . In agreement with our observations, a role for PKC in the adhesion strengthening process has been proposed by Dustin et al. (13) , who demonstrated that phorbol esters can induce a long-lasting high avidity state of LFA1 for its purified ligand ICAM-1, and that staurosporine abrogates the transient, but quantitatively similar phenomenon induced by antigen receptor crosslinking in T cells. In an earlier report (29) , the same group had shown that integrity of the cytoskeleton is required for LFA-1+ cells to adhere to plastic-bound liposomes containing purified ICAM-1 . Several, non-mutually exclusive PKC-mediated intracellular events could account for these findings. By phosphorylating intracellular substrates belonging to the cytoskeletal network, PKC could increase their affinity for one or both integrin subunits, thereby facilitating their association at the cell surface, and creating a polarized leading edge which would ensure the apposition of new membrane (and, consequently, new adhesion receptors) at the site of cell contact . The subcortical protein talin has indeedbeen shown tobe a substrate for PKC inphorbol esterstimulated cells (9, 44) . Alternatively (see below), discrete regions in both integrin subunit cytoplasmic domains could serve as substrates for PKC and, as a result ofa phosphorylation-induced allosteric transition, increase the affinity of the heterodimeric complex for extracellular ligands or cytoskeletal elements.
Our results demonstrate that the CDl1a subunit can be a substrate for PKC-mediated phosphorylation following antigen receptor triggering or PMA treatment in T lymphocytes . Both subunits of the LFA-1 heterodimer have consensus sequences for phosphorylation by serine/threonine kinases in their cytoplasmic domains (27) . The alpha subunit, in particular, has two serine residues (positions 1,138 and 1,140) surrounded by charged or polar residues, in the unique carboxyterminal region of the cytoplasmic domain, in addition to a serine residue (position 1,119) conserved with the p150 (or aX) subunit expressed in polymorphonuclear cells. Although our data do not demonstrate a causal relationship between PKC-induced cytoskeletal rearrangement, the association of LFA1 with cytoskeletal elements and the adhesion strengthening process, the time course of the observed CD11a hyperphosphorylation (Fig. 6 ) parallels those of the above mentioned events, suggesting their functional interdependence . Phosphorylation experiments also show that, unlike treatment with phorbol esters, crosslinking ofthe antigen receptor complex does not induce a detectable phosphorylation of the CD18 subunit in T cells. This could either be a consequence of the different relative potency of the two stimuli, or possibly reflect the involvement of a distinct, staurosporine-sensitive PKC isoform in the process (20, 34) . Finally, the possibility that LFA-1 can serve as a substrate for kinases different from PKC is raised by the persistence of basal, constitutive phosphorylation levels of the CD11a subunit in cells subjected to PKC-blocking or -desensitizing treatments, although we recently observed that CDlla does not appear to be phosphorylated by a CAMP dependent protein kinase in lymphocytes (manuscript in preparation) . Direct demonstration ofa role for these LFA-1 phosphorylation events in the overall function of the molecular complex awaits the completion of site-directed mutagenesis studies .
Experiments with LAD T cells were conducted to test the hypothesis that membrane LFA-1 is required as a connecting element between the cell membrane and rearranging cytoskeletal elements in antigen receptor-stimulated cells . Results demonstrate that, at least in a subset of T lymphocytes, this function can be carried out by other integrins, such as VLA-4, that are expressed in T lymphocytes as well as in other cells of lympho-hematopoietic origin (41, 42) . Although we did not analyze in detail the biochemical events responsible for the VLA-4-cytoskeleton association process, it is possible that they reflect the existence of a common mechanism coupling antigen receptor stimulation to integrinmediated cell/cell adhesion . These results are of interest, as they could provide an explanation for the relative efficiency of T cell-mediated immunity, as opposed to polymorphonuclear cell mediated immunity, in LAD patients (for review see reference 2). Lymphocytes from these patients show normal expression of members of the 01 integrin subfamily and retain the ability to migrate across the endothelium at inflammatory sites (41) . In fact, integrity of VLA-4-mediated adhesion has been recently demonstrated to be responsible for the presence of relatively efficient in vitro T cell adhesion to vascular endothelial cells expressing the proposed ligand, VCAM-1 (42), in LFA-1 deficient lymphocytes (37) . Little is known, however, about the involvement of this T cell adhesion pathway in more selective lymphocyte effectar functions involving the antigen receptor, such as target cell lysis and antigen presentation, although recent reports would suggest that it plays a role in regulatory homotypic and heterotypic interactions in T cells (3, 16, 38) .
In conclusion, based on the data presented here, we propose a model in which the triggering of the antigen receptor complex in T lymphocytes initiates a signal transduction process, at least partially dependent on PKC activation, leading to a transient association of LFA-1 or other integrins with the cytoskeletal network . This could result in adhesion strengthening and cytoskeletal-mediated reorientation of the protein secretary apparatus toward the bound cell, with possible active participation ofthe cytoskeleton in the polarized secretion process (8, 21) . Mutagenesis studies will be needed to define in detail the molecular basis for these essential activities of T lymphocytes, and the regulatory events involved in their termination, leading to detachment of the bound lymphocyte and recycling of its effectar function .
